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Abstract 
Numerical simulation has emerged as a powerful tool for the development and optimization of technical processes. 
This is especially true for processes with high demand on quality and high added value to the product. Near-perfect 
control of the temperature and flow distribution inside the crystallization furnace is essential for high-efficiency solar 
cells. This work presents computer simulations of a directional crystallization furnace producing 100 kg ingots. 
Temperatures, fluid flow, stresses and deformations are calculated. Comparisons to measurements show that the 
thermal condition in the furnace during the complete cycle of heating, melting, crystallization and cooling is well 
reproduced by the mathematical tool.     
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1. Introduction 
Elkem Solar has developed a metallurgical process route for production of solar grade silicon, Elkem 
6.000 MT.  The company uses a lab furnace for crystallization and modeling in order to better understand 
the customer  process. Additionally, the knowledge obtained by lab casting 
experiments and modeling is important for the in-  
The evolution of local temperature conditions, fluid flow and thermal stresses during crystallization has 
strong influence on the properties of the ingot produced in a crystallization furnace. In order to control the 
ingot properties and thereby also the wafer properties, a good understanding is needed on how process 
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conditions, varying material properties etc. influence the furnace behavior. With the time the properties of 
the feedstock are going to vary and surfaces inside the furnace change emissivity due to the conditions of 
the high temperature gases. Insulation properties and heater efficiencies are also influenced by furnace 
usage.   
To establish this understanding and to be able to make the necessary steps to compensate for drifts or 
establish new regimes of process variables, numerical simulation is a powerful tool. This work describes 
the modeling of a laboratory furnace producing 100 kg ingots. The model includes thermal radiation, fluid 
flow including thermal convection and electromagnetic forces from the AC power on the heaters, and 
development of stresses during crystallization. Calculated temperatures are compared to measured values. 
2. Mathematical model 
SiSim is a finite element modeling (FEM) tool solving conservation equations for mass, momentum 
and energy. Numerical solution of the coupled fluid flow and thermal problem is described by Mortensen 
[1], who includes an extension of the Low-Reynolds-Number k-  model suggested by Launder [2] to 
compute turbulence.  
Thermal radiation is the main heat transfer mechanism in crystallization furnaces applied by the 
photovoltaic industry. Radiative heat exchange between diffusive surfaces in the furnace is solved by a 
surface-to-surface (S2S) radiation model based on view factors. These are calculated using the hemicube 
method [3], and they enter the equation system for the radiosities. Radiosity accounts for all radiant 
energy leaving a surface. The methodology is based on solving an algebraic equation system with the 
radiosities as unknown variables. The governing equation reads    
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where Fij is the view factor defined as the fraction of radiation leaving surface i and which is intercepted 
by surface j, Bi is the radiosity of surface i, n is number of element surfaces, T is the temperature,  is the 
emissivity and  is the Stefan-Boltzman constant equal to 5.67·10-8 W/(m²·K4).     
The mechanical module includes a thermo-elasto-viscoplastic model for pure silicon and is fully 
coupled with the heat- and fluid flow modules. Build up of thermal stresses and deformations in the ingot 
are modeled as in the work of  [4-5]. Details for the numerical solution of the mechanical 
problem are given by Fjær [6]. Evolving contact zones and air-gaps between the ingot and the crucible are 
accounted for by temperature- or time-dependent thermal boundary conditions [1]. To include the 
influence of the electromagnetic forces on the fluid flow, a separate simulation with the COMSOL code is 
performed. The distributed Lorentz force induced in the melt is exported to SiSim and the coupled 
evolution of temperatures, fluid flow and thermal stresses starts with simulation of a cold furnace and 
going through the cycle of heating (melting of silicon), crystallization and finally cooling. 
3. Modeling of a laboratory directional crystallization furnace 
The configuration of the directional crystallization furnace allows for modeling of a quarter of the 
furnace which includes steel casing, insulation, electric heaters, cooling chamber, graphite supports, a 
crucible and an ingot. Because of the complexity of the cooling gas chamber, which includes a zigzag coil 
system carrying the cooler gas, this part of the furnace has been simplified. Fig. 1 gives an overview of 
the components of the modeling set-up, as well as localization of five thermocouples labeled T1-T5 
where computed temperatures are compared against measured values.  
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While the inner length of the square bottom 
surface of the quartz crucible is 432 mm, the height 
is 345 mm. The walls have a small tilt angle of 2.3º. 
For the specific test run the liquid surface is located 
225 mm above the bottom surface and the molten 
silicon therefore fills 59% of the crucible volume.     
The furnace is equipped with four heaters. One is 
located above the crucible, another below it. In 
addition, two panel-like heaters surround the 
crucible. There are no physical contact between 
these and other parts of the furnace, and the main 
mechanism for heat transfer is by thermal radiation. 
All heaters are fabricated from graphite. Graphite is 
also used as material for the cooler section located 
below the crucible, as well as for the crucible 
support plate. An outer steel casing protects the 
thick insulation layer that serves to minimize the 
heat loss from the furnace. With exception of heat 
conductivity data for the insulation, which was not 
known in advance and therefore had to be determined from combined simulations and experiments, 
thermo-physical data for the other furnace components are shown in Table 1. Some data are from the 
manufactures, others are values found in the literature.    
Table 1. Thermo-physical data of the furnace components. 
Physical property Value Physical property Value 
    
Crucible (quartz)  Insulation (graphite)  
Temperature ( C) 200, 400, 800, 1200, 1600 Temperature ( C) 200, 400, 800, 1200, 1600 
Density (kg/m³) 2200 Density (kg/m³) 340* 
Conductivity (W/m·K) 1.04, 1.25, 1.67, 2.09, 2.51 Conductivity (W/m·K) 0.55*, 0.62*, 0.74*, 0.90*, 1.10* 
Specific heat (J/kg·K) 960, 1120, 1160, 1230, 1295 Specific heat (J/kg·K) 650, 1470, 1800, 1920, 1950 
    
Heaters and support (graphite) Casing (steel)  
Temperature ( C) 25, 400, 800, 1200, 1600 Density (kg/m³) 7900 
Density (kg/m³) 1730  Conductivity (W/m·K) 30 
Conductivity (W/m·K) 107, 75, 57, 46, 41 Specific heat (J/kg·K) 481 
Specific heat (J/kg·K) 650, 1470, 1800, 1920, 1950   
  * Data determined in hot-test. 
 
Temperature-dependent physical properties for thermal conductivity, density, kinematic viscosity and 
latent heat of fusion for high-purity silicon are provided by Mills [7]. The emissivity depends on the 
temperature [8], the surface condition and the phase of the silicon. Wei [9] applied 0.2 for liquid, 0.8 for 
solid. In this work a constant value equal to 0.4 is applied for silicon. Temperature-dependent values for 
You thermal expansion coefficient [11] is employed to calculate evolution of 
thermal stresses and strains in the ingot    
 A mathematical model solving conservation equations of mass, momentum and energy needs accurate 
material models and boundary conditions in order to produce high quality results. Calibration of model 
input parameters based on measurements inside the furnace and on the resulting product is necessary. 
Emphasize was made on use of the true power input and likely values for the unknown thermal 
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                      Fig. 1 The lab furnace. 
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conductivity of the insulation. This strategy also applies to the wall emissivities, which not only depend 
on the material and temperature, but also on the actual condition of the surfaces.  
4. Results 
4.1. Hot-test (empty furnace) 
In order to determine insulation property data and cooling gas chamber efficiency as function of 
cooling gas speed, a trial with an empty furnace (hot-test) was performed. By holding the furnace on a 
series of constant temperature levels, the necessary power input was registered, both with and without gas 
cooling. In this way the model was calibrated and the data found was used for modeling studies including 
crystallization. 
Recorded inlet and outlet cooling gas temperatures, as well as the pump speed, are shown in Part (a) of 
Fig. 2. The individual power supplied to the four heaters is shown in Part (b). Heater Hi refers to the 
heater associated with thermocouple Ti. This information, together with the measured temperatures, was 
used to calibrate the model. Measured and computed temperatures at the log point positions T1, T3-T5 
are shown in the Parts (c)-(f) of Fig. 2. The agreement is found to be satisfactory. While recorded 
temperatures in T1, T3 and T4 overlap, this behaviour is replicated by T3 and T4 in the calculation but T1 
becomes slightly warmer than the two others. 
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Fig. 2. Part (a): Recorded pump speed, cooling gas inlet and outlet temperature. Part (b): Power settings to the heaters. Part (c)-(f): 
Measured and computed temperatures.  
Temperature-dependent values for the heat conductivity of the insulation material that were 
determined from the calculations are included in Table 1. These are considered to be reasonable. The 
specific heat capacity was set equal to values for graphite, while the density was determined to be 340 
kg/m³. All surfaces based on graphite were assumed to have the same emissivity, and a constant value 
equal to 0.8 was used.  
A complex coil system installed in the cooling chamber extracts heat from the furnace. For simplicity 
this cooling system is substituted by a heat flux imposed on the inner surfaces of the cooler section, 
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where Ts is the cooler section wall temperature, which is continuously updated in the calculation, and Tg 
is the time-dependent measured cooler gas temperature. The effective heat transfer coefficient between 
the gas and the wall depends on the gas speed, and for this specific cooling system it is modeled as 
function of the pump speed where s has unit rpm. The parameter C and the exponent m, the latter inspired 
by correlations from pipe flow, was determined from the hot-test. While m was set equal to 0.8, the 
computations revealed that it was necessary to distinguish between horizontal and vertical walls in the in 
the cooling chamber, with C=15 for the former and C=5 for the latter.  
4.2. Crystallization 
Comparison of computed and measured temperatures inside the furnace during the complete cycle of 
heating, melting, crystallization and cooling is shown in Fig. 3. Each part of the figure considers the 
obtained temperatures at a specific log point position. The bottom right part includes the computed 
temperatures at all five log point positions, T1-T5. A constant heat transfer coefficient equal to 1000 
W/m²K has been set between the silicon and the crucible. The agreement between measured and 
computed temperatures during the complete casting cycle is considered to be very good. As seen in the 
figure, an annealing phase is applied after completed crystallization of the ingot. A key point is the fact 
that the real power input has been used for the heat sources in the model, and boundary conditions and 
material data are solely based on initial hot-test data or from the literature.   
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Fig. 3. Measured vs. computed temperatures in the furnace log point positions T1-T5 during heating, crystallization and cooling. 
 
The comparison of computed furnace temperatures against measured values where done without 
accounting for fluid flow and included no mechanical calculation. Fluid flow enhances the mixing in the 
melt and thereby influences on the thermal conditions and the shape of the solid-liquid interface. It is of 
particular interest for transportation of impurities. A typical fluid flow pattern in the liquid silicon induced 
by the electromagnetic forces is shown in left part of Fig. 4. The max flow speed is 8.2 mm/s. Due to the 
influence of the Lorentz force, which is an imported vector field in SiSim, the flow tends to turn upwards 
along the walls and downwards in the middle of the ingot. With respect to impurity transport, this is a 
favorable flow pattern where species are transported away from the solid-liquid interface.  
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Tensile stresses (first principal stress) obtained in the ingot after completed cooling are shown in the 
right part of Fig. 4. The largest values are located in the centre of the ingot and only smaller tensile 
stresses are found in the critical surface regions. By improved control of process parameters that influence 
on factors such as the planarity of the liquid-solid interface, the magnitude of the residual stresses can be 
reduced and controlled, which is essential to reduce dislocation densities in the material.   
  
       
 
Fig. 4. Left: Fluid flow pattern. Right: Residual stresses. Legend with units MPa. 
5. Conclusions 
In this work, the SiSim software has been applied to model the complete cycle of heating, 
crystallization and cooling of silicon in a directional crystallization furnace. A methodology to determine 
unknown variables such as furnace material properties, when not available, and emissivities has been 
established by a combination of simulations and trials with an empty furnace (hot-tests). Emphasize has 
been placed on the use of the true power supplied to the electrical heaters, and not to use this parameter as 
a tuning parameter to make the simulations fit the measurements.  
Computed furnace temperatures compare well with measured temperatures. Based on an emissivity 
equal to 0.8 for all graphite surfaces in the furnace, temperature-dependent thermal conductivity of the 
insulation material have been determined, and the combined use of simulations and measurements have 
given realistic values. Because the complete furnace is modelled, specification of thermal boundary 
conditions is significantly simplified compared to a furnace sub-model. Numerical simulations contribute 
to improved understanding of the process with the potential of enhanced product quality and less energy 
consumption. 
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